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1. INTRODUCTKMJ 

The NASA program for growth of semiconductor single crystals In the 
space environment of Skylab was expected* to produce crystals of signifi- 
cantly higher quality than attainable through the same growing processes 
on earth. As the semiconductor crystals become more perfect If undoped 
or more uniform If doped, the emphasis In any measurement of them shifts 
increasingly toward care in avoiding damage to the crystal by the measurement. 

A. Need for Nondestructive Method for Electrical Characterization 

Electrical characterization of a single crystal of semiconductor usually 
involves "soldering" ohmic contacts in several locations in order to obtain 
some average bulk property (e.g. bulk resistivity) for the sample piece. 
Whenever the crystal is to be evaluated for use in large scale integrated 
(LSI) circuitry, the characterization should include a search for local 
variations in electrical properties. Such a search should use a nondestruc- 
tive method of mapping the surface of the semiconductor. 

Clearly, the mapping of electrical characteristics of high quality 
crystals, such as those grown on Skylab flights, should be done without 
inflicting any damage. To this end, noncontacting methods of mapping were 
sought - avoiding the formation of "solder" contacts and avoiding the high 
local pressure of point contacts. In addition to valuable monitoring of 
NASA's space processed materials, the successful development of suitable 
noncontacting methods of electrical measurement would be of considerable 
spinoff value to U. S. semiconductor manufacturers or at least to U. S. semi- 
conductor circuit manufacturers. 

*This expectation was realized many times in ' high quality semicon- 
ductor crystals grown on the Skylab missions a .ing 1973 and 1974. 
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B. Noncontacting Techniques for High Quality Single Crystals 

The class of techniques by which the electrical properties of 
a semiconductor single crystal can be observed without contacts is limited 
to coupling to the crystal by electromagnetic radlaclon at frequencies 
from rf to the near uv. The optical frequencies have been used to probe 
the uniformity of certain types of impurities in semiconductor crystals.^ 

A wide range of radiation frequencies can be used to observe the mobilities 
and the concentrations of the various types of charge carriers present 
near the surface of the semiconductor cyrstal being examined. For survey- 
ing carrier concentrations and mobilities of thin semiconductor sheets, 
useful measurements of optical transmission and reflection with commercial 
Instruments have been reported^ with 1.5 mm diameter resolution. In 

3 

addition, the impurities within the semiconductor can often be Identified 
by X-radiation. 

Coupling to a semiconductor at high frequencies implies^ the reaction 
of the semiconductor will take place near the surface, i.e., within the "skin 
depth," iSg. The "classical" application of Maxwell's equations for the 
case of a field applied to a plane surface of semi- infinite conductor 

extending from x = 0 gives the current density varying with the depth x 
as 5 

= aE^e anq>/m^ , (1) 

where the normal skin depth, <Sg, is defined as 

fig “ (p/ufPo)^^^ - 504 (p/f)^'^2 meters (2) 
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for p In ohm-meters and f in Hz. The resistivity, for a semicon- 
ductor whose dominant charge carrier has an effective mass m* and mean- 
free time between collisions of T , can be expressed^ by the product of T 
and the carrier concentration n as 


m* 1 


(3) 


Usually T and n are each significant in characterizing the crystal. 

It might be noted in passing that this normal skin depth is small 
in our best metallic conductors even at power line frequencies. For example. 
Equation 2 indicates, as is found in practice, that 6 ~ 7 mm in copper and 
in aluminum at 60 Hz and at room temperature. 


1. Use of Radio Frequencies to Microwaves 

Returning to the choice of method to characterize a flat semicon- 
ductor crystal by its resistivity in the volume encompased by the depth 
of X * 6 below the surface, we can choose the frequency to use in order 
to probe the predetermined depth, 6. Likewise, we can choose the frequency 
to obtain a reasonable resolution of the mapping since the minimum surface 
area (■ resolution element) that can be probed measures approximately one- 
half wavelength across. In any case, an instrumental measurement of a 
value for the akin depth at a given frequency will give, by Equation 2, 
the effective resistivity near the crystal surface, averaged over the area 
exposed to the radiation. 

For conducting crystals, the normal skin effect applies to within a 
few percent^ with the mean-free path of the charge carriers equal to one 
skin depth as given by Equation 2. Values for the normal skin depth are, 
by Eq . 2 : 





For resistivity of 10 ohn»-cm, 6^ ■ 16 nun at 100 MHz, 

iS. “ 1.6 nm at 10 GSlz, and 

6 “ 0.8 nn at 35 GHz. 

8 

For resistivity of 0.001 ohm-cm, 6 » 0.16 mn at 100 MHz, and i 

S ^ 

6 >= 0.008 mm at 35 GHz. 
s 

Q 

Values to 60 GHz are given for silicon in a recent book by H. F. Matare. 

Comparison to carrier mean-free path, £., can be made by the "free electron" 
model^ for our semiconductor crystal by estimating the Fermi velocity, vp, 
to be I(IO^) cm/sec for m* * mg. The expression for mean-free path 
is 

I - VpT. 

Values of T » m*pjj/e depend on the Hall mobility, ujj. So the values 
of mean-free path, K., expected for "free" electrons in our semiconductor 
at room temperature are estimated to range from I • 0.4 micron for 

Ujj ■ lO^cm^/Volt sec to £ = 0.04 micron for pjj “ lO^cm^/Volt sec. 

i 

Clearly, we expect S. << 6^. ] 

i 

Therefore, the classical expression for the skin depth (6^ by Eq. 2) 
should be an accurate way of calculating the resistivity of flat semicon- 
ductor samples from measurement of skin depth, 6, even at frequencies 
higher than 35 GHz. 

Cyclotron resonance and electron spin resonance can give useful 

i 

characterization within the skin depth region too. For example, the con- j 

I 

g ' 

centrations of impurities in Ge were recently measured^ by cyclotron resonance. 
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2. Use of Optical Radiation 

Coupling to a semiconductor at optical frequencies can yield elec- 
trical characteristics.^^ For thin semiconductor wafers, standard optical 

(infrared) measurements of reflection and transmission have been used to 

2 

map carrier concentration and mobility; the report by Black, et al.* indi- 
cates precision better than lOZ over a wide range of values for GaAs wafers 
scanned with a 1.5 nan diameter beam on a Perkin Elmer Model 621 recording 
spectrophotometer. 

NASA's needs include the ability to characterize the surface of 
more massive semiconductor crystals - possibly too thick to obtain Infrared 
transmission values as above. For certain semiconductors, like SI and Ge, 
edge contacts will serve to obtain a map of photovoltaic (PV) response from a 
spot of light Impinging on the crystal surface, revealing nonuniformity of 
carrier concentration and/or mobilities. Meaningful PV response has 
apparently not yet been attained on other semlconduc.or crystals, such as 
GaAs. For large band gap semiconductors like SIC and GaAs, the light 
emitted by electron-hole recombination processes has been used^^>^ to Identify 
the electrically active Impurity sites present. Our success at obtaining 
Impurity concentration In volumes of GaAs less than a cubic millimeter Is 
mentioned In the Results Section. 

Another class of optical techniques which has promise for 
electrical characterization Involves photo-induced changes. We looked 
briefly for photo-induced conductivity at room temperature,^^ but our search 
was Inconclusive. Photo-Induced microwave conductivity Is still a poten- 
tially useful technique for mapping high quality semiconductor crystals 


without contacts. 
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C. Crystal Selection for this Study 

The crystals of semiconductors used In this study of nondestruc- 
tive techniques for observing electrical characteristics were supplied 
through the good offices of the NASA Space Sciences Laboratories » MSFC. 

The emphasis during the earlier portion was on characterizing flat sur- 
faces of GaAs In preparation for the M555 Flight Experiment. The emphasis 
during the last six months was on small single crystalline flakes of vapor- 
grown germanium selenlde. The comparison of 35 GHz skin depths we observed 
In GeSe flakes grown^^ on Skylab to GeSe flakes grown at RPI is tabulated 
below. 

D. Purpose 

It was, therefore, the general purpose of this contract to demon- 
strate the sensitivity of one or more noncontacting methods of electrical 
characterization of single crystals of the semiconductors to be grown on 
Skylab. Specific goals dealt at first with characterizing surfaces o'* gallium 
arsenide slabs and dealt In the last half year with small flakes of germanium 
selenlde single crystals. 

Single crystal samples to be studied were supplied through the 
Space Sciences Lab of NASA/MSFC. The specific approaches that we investi- 
gated included mlcaowave skin depth and e-h recombination luminescence. Two 
microwave techniques were developed to the point of collecting statistical 
evidence of sensitivity and reproducibility. The GaAs luminescence scanning 
technique was developed by an Interested graduate student J. M. Rowe, largely 


on his own time. 
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II. APPROACH TAKEN 

A. Noncontacting Techniques Considered 
1. RF Resistance by Coll Loading 

The eddy currents Induced In a semiconductor specimen are a specific 
but complicated geometric function of shape of colls and semiconductor and 
of the uniformity of resistivity. An example of successful noncontacting 
measurements of bulk resistivity by eddy currents at 10 MHz was reported 
by J. C. Brice and P. Moore In J. Scl. Inst. 38 (1961) on page 307. Mapping 
could be accomplished with sufficiently small colls but consistent coupling 
Is a difficult mechanical problem. 

2. Surface Effects at 9 GHz and 35 GHz 

Preference was given to 35 GHz because the area of the mapping resolu- 
tion element can be smaller by xl6. We considered the surface resistance 
by waveguide termination^^ and by cavity loading, preferring the latter for 
flats with high resistivity and for the small flakes. We considered the 
microwave Hall effect. After several tries with biomodal cavities, we 
became more fully appreciative of the critical need for equivalence In the 
degenerate modes as called for by A. M. Portia In his Phys. Rev. paper, a 
truly severe mechanical challenge and, therefore, not suitable for rapid 
surveying of flat samples. 

Cyclotron resonance remains a promising prospect^ for measuring the 
lifetime of each type of carrier provided the mapping can be arranged at 
low temperatures. 
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Photo* Induced changes in microwave conductivity (PC) similarly 
stands as a promising non-contacting way^^ of mapping several electrical 
characteristics with a resolution element approaching the size of the 
minimum light beam. Photo-induced microwave conductivity should be 
especially useful In semiconductor samples of very high resistivity for 
which the sensitivity of surface resistance measurements Is declining. 

3. Optical Means 

Fluorescence from electron-hole recombination is frequently a direct 
indicator of the donor impurity density. The literature is literally 
crowded with publications of such observations for semiconductors at low 
temperatures. We found little evidence of successful fluorescence at room 
temperature so we took up that challenge. 

Raman scattering from defect modes at the impurities ~>f Interest 
Is weak at room temperature being usually not sensitive enough to repeal the 
Impurity concentrations of Interest even at very low temperatures. 

B. Noncontacting Techniques Used 
Each technique for noncontacting electrical characterization of 
semiconductor surfaces was chosen to demonstrate its reliability for abso- 
lute values In a sample sequence representative of the short term needs of 
NASA's program for space crystallization. Repeated substitution of samples 
was employed to attain preliminary statistical evidence of reliability. 

It should be noted that In any sequential substitution method 
there are sources of dc noise which can be reduced or eliminated by 
properly engineered modulation techniques. Therefore, the reliability or 
slgnal-to-nolse reported here represent conservative values - susceptible of 
Improvement by one or more orders of magnitude with the appropriate engineering. 
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1. Skin Depth at 35 GHz 

Resistivity near a semiconductor surface Is related to the 
skin depth, observed at the frequency f by Eq. (2) above. The 
sensitivity of the measuring circuit to small changes in '^epends on 

the way the semiconductor surface is coupled to the circuit. Two styles 
of coupling - cavity loading and tiaveguide termination - were chosen in 
order to cover a broader range of resistivity values. 

a. Cavity loading, especially for small single crystals . 

The loss Introduced Into the circuit by a sample of semiconductor sur- 
face will be a small fraction of the "no-sanq)le" circuit losses when 
the product^® of the surface area times the skin depth 6g is small. 

This occurs both for small crystals of normal resistivity and for 
larger sections of large flat surfaces of high resist5.vity. Cavity loading 
is preferred because it raises the strength of the electromagnetic field 
at the semiconductor surface relative to its strength in most other parts 
of the detecting circuit and this leads to greater sensitivity to losses in 
the semiconductor surface than without the cavity. 

This section describes: 1.) the microwave circuit which 

was arranged and calibrated to yield signals reliably corresponding to 
absolute cavity parameters and 2.) the type of substitutional cavity loading 
used. Our analyses for converting cavity parameters into values of skin 
depth of the semiconductor sample are given in the appendices. 

1.) The double-arm 35 GHz circuit used. In Fig. 1, the 
35 GHz double arm ref lactometer is shown schematically with a reflective 
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TABLE 1 


COMPONENTS USED IN 35 GHz DEMONSTRATION DOUBLE ARM REFLECTOMETER 


label on 
Figure 1 


Kylstron 

51 

52 
S2A 
S2B 
52C 
52D 
52E 

53 

54 

55 

56 

Front Arm 

FI 

F2 

F3 

F4 


Item - Function 
DC Power Supply 
Modulation Source 
Source of 35 GHz Power 
Isolator (20 db) 

Directional Coupler (20 db) 
Matched Load 

Frequency Meter (Tunable Cavity) 

Directional Coupler (20db) 

Waveguide Short (Adjustable) 

Crystal Holder (Tunable) 

Attenuator (Variable) 

Mgic Tee (4 arm) 

Crystal Holder (Tunable) 

Slide Screw Tuner 
(for balancing Tee S4) 

Isolator (20 db) 

Isolator (20 db) 

Calibrated Attenuator of 
Rotating Vane 

Directional Coupler (10 db- 
broad band) 


Specific Type 
Mfg. - Model No. 

NARDA Model 438 

NARDA 438 

Varian VA-97 

TRG AllO-95 

Microline 405A 

Part of S2 

H-P R532A 

Microline 429A 

Demornay Bonardi 
Lleco lOVl-26 
Demomcy Bonardi 


Demornay Bonardi DBD 919 


Uniline by Cascade Res. 
TRG Alio- 39 

H-P R382A 
TRG A561-1C 



FTR - NAS8-29542 


12 


Table 1 

Label on 
Figure 1 

F4A 

F5 

F6 

Rear Arm 
R6 


(Contd) 


Item - Function 

Tunable Crystal Holder 

(Containing MA494 crystal 
selected for having power 
response (I vs. P^n) similar 
to the crystal in holder R4A) 

Waveguide (connection between 
reference short and front 
directional coupler) 


Reference Load - A low loss, 
>g/4 short arranged by F:^ 
to be the same pach length 
from the front F4 directional 
coupler as the sample cavity 
iris is from the rear R4 
directional coupler. 

Each corresponding item is the sa; 
front arm, except: 


Specific Type 
Mfg. - Model No. 

Microwave Associates 
Mod. 5130 


UAH - usually included 
a piece of stainless steel 
waveguide 20 Xg long 
8.448 + .002 inch, 
having 2.2 db round trip 
loss. 

UAH - Dwg available. 


model as in the 


Sample Cavity - usually TEqis UAH - assembled copper 

mode rectangular cavity incor- pieces, dwgs available, 

porating: 

1. Special sample holder 

2. Fixed (but demountable) 
coupling iris. 
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sample cavity on one arm and a high quality waveguide short on the 
refei »jnce arm. The list of the components used in this circuit is given 
in T'lble 1 and points to the identical characteristics of the two arms, 
iiciuding matching the power response of the detecting crystals over the 
frequency range of some 100 MHz width. 

Frequency modulation over one klystron mode presented 
the wo crystal outputs simultaneously on a double input scope. By 
careful calibration, including frequent substltutloi'<s of standard metal 
samples, the desired cavity reflection coefficient change was determined 
from the change in the calibrated attenuator R3 required in order to 
rematch the CRO traces upon each substitution of the sample. The formulae 
used are given separately in an appendix for the different types of cavity 
loading. 

2.'' Types of cavity loading used. Rectangular TEqj^P 
mode cavities were constructed of milled sections of copper belted together 
with one section carrying a fixed circular iris^^ in a thin (.020 inch) 
wall and one section mounting the sample. With the minimum milled radius of 
Inside corners at .016 inch, we found it necessary to have the sample 
cavity at least five half wavelengths (p = 5) long. Greater sensitivity 
will accru.: to sample cavities formed to permit p = 2. The need for the 
fixed rls is evident in the formulae in the appendices, permitting cavity 
r' anges upon substitution to be related solely to the sample. The original 
and still useful reference on iris deisgn is MIT Rad Lab Report 43-22 by 
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Loading of the cavity by a semiconductor surface was done 
In one of two ways: by replacing the end wall or by adding surface in 

the transverse plane at one-half wavelength from the end wall. Flat GaAs 
surfaces were held at the end of the rectangular mode and leakage 

losses were held to a satisfactorily low level by appropriate choke 
joints. Clearly an Improved design with much lower coupling losses would 
involve a sample cavity In the shape of a right circular cylinder^ and 
the semiconductor flat as Its end wall or central portion thereof. 

Thin semiconductor (GeSe) flakes whose other two dimensions 
were under 7 and 3.5 mm, respectively, were suspended between two strips 
of plastic (sample holder) at one half wavelength up. Fig. 2 indicates 
the microwave magnetic field pattern In the last two half wavelengths in 
the TEqi mode, outlined by the cavity walls and intercepted by the sample 
at one-half wavelength up where the microwave magnetic field is parallel 
to the largest faces of the thin flakes. Our tests indicated no appreciable 
mode distortion by the thin GeSe flakes used so the observed changes in 
Q were related to losses on the GeSe surfaces. We assumed these losses 
were conduction losses within the GeSe and calculated the appropriate 
skin depths after integrating over the flake area.^^ 

b. Waveguide termination . For mapping flat semiconductor 
surfaces having low resistivity (below about 1 ohm-cm) , the simple termina- 
tion of a waveguide by the sample surface being held across the guide open- 
ing will give reasonable sensitivity. One expects, for example, a factor 
of 4 In standing wave ratio at 35 GHz for a factor of ten in resistivity 
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Fig. 2. One wavelength of the 
pattern of microwave 
magnetic field 
In rectangular TEqj^P 
mode sample cavity 
as viewed through a 
broad face. 


Sample Plane 


Credit: George R. Smith for this 

accurate representation 
of the H-pattem and Its 
generation using an 
HP 9100 Plotter. 


End Wall 


16 


FTR - NAS8-29542 


according to Lundmayer et al.^^ Again, the effects of leakage on variations 
In the choke coupling can be effectively eliminated for surfaces flat to 
within one or two degrees over small sampling areas by using circular guide:. 

Our preliminary tests confirmed the suitability of choke 
coupling for mapping GaAs flats with as cut surfaces when held as rectangular 
waveguide terminations. 

2 . Fluorescence from Electron-Hole Recombination 

The recent surge In the semiconductor market for light - 
emitting diodes for optical couplers and lasers as well as for displays has 
placed considerable additional premium on improving semiconductor crystal 
quality in the category of gallium -aluminum phosphide -arsenide. Of special 
interest Is the spectrum of luminescence and the density of donor sites. 

Our fluorescence method of surface characterization dealt directly with 
these two properties of a GaAs surface on a resolution scale of a fraction of 
a mm. Fluorescence measurements are Inherently capable of characterization 
on a resolution scale of the dimensions of either the carrier mean-free 
path or the diffraction limit of the optical system used to excite the 
carriers - whichever is the larger for the sample in question. 

The strong market for microwave generation and light 
modulation in Ga-Al-P-As semiconductors merits more direct measurements of 
carrier lifetimes than by standard fluorescence. We suggest optically- 
pumped cyclotron resonance should do well. 
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Our approach was to use the photolumlnescence reported^®* 
for gallium arsenide crystals at low temperatures, where the different kinds 
of donor centers can be resolved In the emission spectra, In Interpreting 
the room temperature luminescence. We pumped a spot about 0.5 mm diameter 
on a GaAs surface with a laser beam, delivering some 20 milliwatts at 632.8 nm, 
and collected the emission over a solid angle of approximately 0.3 ster- 
radlans not Including the angle of specular reflection. After passing 
through a double monochromator at low resolution (1 mm slits), a narrow band 
of the emitted light Is collected on a red sensitive photomultiplier tube 
(C3893) and the output displayed on a chart recorder as the monochromator 
wavelength Is scanned from 8200 A to 8800 X In about 10 minutes. 

The principal features of a chart record of the room tempera- 
ture fluorescence from a single spot on GaAs are: the total intensity, the 

wavelength of the maximum Intensity and the widths of the low energy tall 
and of the high energy side. A typical spectrum from GaAs Is displayed in 
Fig. 3. Mapping Is done effectively by repositioning the GaAs surface for 
each spot of Interest, with micrometer drives. 

Credit goes to Mr. James M. Rowe for arranging, calibrating 
and tuning up the apparatus to the state where we could scan a set of spots 
and then get reproducibility in total intensity to within ten percent. The 
wavelength for the peak indicates the kind of e-h reconbination center active 
(usually a donor site). When the tails on either side are narrow, the total 
Intensity Is related directly to the number of these donor centers being 
excited by the pump light. With the focus and power of the pump light held 
constant, the total emitted intensity is proportional to the local concentra- 


tion of donors. 
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Identification of the type of donor site by correlation 
with the value of the wavelength at the peak of each spectrum will require 
correction of the PMT output to one proportional to the nuid>er of photons 
collected. J. M. Rowe used a standard lamp to calibrate the PlfT output 
and with the aid of Karla Dalton prepared an effective computer program for 
carrying out this correction procedure. The program's flow chart is given 
in the last appendix. The output of the program in its present form is 
automatic graphing of: the input spectral data, the corrected PMI output vs. 

wavelength, and the corrected PMT output vs. energy of the emitted photons. 
Examples of these automatic graphs for the emission spectrum of one spot 
on a GaAs as-cut surface at room temperature are displayed in Figures 3, 4 


and 5. 
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III. RESULTS " DEMONSTRATION OP SENSITIVITY OF NONCONTACTING TECHNIQUES 

In direct assistance to the NASA space processing program, this study 
has developed three noncontacting techniques into succe ssful laboratory 
procedures for the nondestructive electrical characterization of single 
crystal semiconducting surfaces. Time permitted only preliminary measure- 
ments with each of the three procedures, but an Indication of their sensi- 
tivity is given in th" precision stated below for the measured characteristics. 
Values obtained for the skin depth at 35 GHz and 300 °K in selected '^aAs 
surfaces are listed, following a description of the skin effect found in £. 
few of the GeSe flakes grown on Skylab missions. 

A. Skin Depths in GeSe Flakes at 35 GHz 

The high quality single crystal flakes produced by vapor transport 
in ampules in Skylab's multipurpose furnace were thin platelets a few square 
mlllineters in area. We developed the procedure described above for loading 
a room temperature 35 GHz copper cavity with one GeSe flake at a time so 
that the cavity reflections could be interpreted to yield the ratio of the 
skin depth averaged over each flake to the skin depth of the copper walls of 
the cavity. A precision measurement of cavity Q would then yield a precise 
value of the average ^ in each flake. 

In our preliminary laboratory operation, we obtained introductory 
information on several specific questions about the use of 35 GHz radiation 
to characterize small semiconducting crystals. First, our procedures are 
capable of characterizing without damage the skin depth of each of a large 
number of crystals per day. Secondly, centering of the sample was judged 
visually and remained one of the principal sources of fluctuation in our 
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observed values. Except for nore difficult sample handling, the same cavity 
loading procedures work at liquid nitrogen temperature with the expectation 
of even hotter sensitivity. Some care must be exercised in the choice of 
materials for holding the sample flakes in place within the copper cavity, 
but polyethylene film appears to serve well at our present sensitivity. 

It should also be noted that the surface currents induced in the flat plate- 
let when properly mounted in cavity are all in one direction, the same on 
both sides of the platelet, permitting thereby a search for anisotropy in 
the resistivity of each semiconductor crystal. 

One operational aspect was tested - namely the skill level required 
for carrying out the cavity loading observations on GeSe at 35 GHz. After 
the selected GeSe flakes had been measured by a highly experienced operator 
(#1) to be certain that the loading procedure functioned satisfactorily, in 
the reiiection cavity (A), verbal instructions were given to a new tech- 
nician (operator 2) who had experience with ham radio but none with microwaves. 
Operator 2 then surveyed the same samples in cavity A and again in a modified 
cavity (B) in which the end of the cavity had been modified to permit trans- 
mission measurements. 

The room temperature results are summarized in Table 2. The relative 
Q factors (Qg) of each sample to that (Q^,) of the cavity walls are listed 
as an aid to later evaluation of this cavity loading technique. Pertinent 
details are listed in the appendices. 

Inspection of Table 2 shows how the GeSe skin depths vary between 
these five crystals by a factor of 6. he cor'..esponding range of equivalent 
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TABLE 2 

J£LAT1VE Q AND SKDi DEPTHS FOR GeSe FLAKES 
AT 35 GHz AND ROOM TEMPERATURE 


Crystal 


Label 


3B-FS 1.86 


3B-F6 


3A-F1 


3A-F2 0.89 


RPI-A 

(HI) 


^all^^sample 


Coablnatlons Used^ 


B,2 


+ .003 
from 6* 


0.016 
+ .005 
from 4- 


+ ,005 
from 2* 


Mean 

Value 

Q*/Qs 


0.134 0.159 0.137 16.2 

+ .015 + .013 + .015 + .014 + 1.6 

from 3* from 2* from 2* 


0.014 
+ .004 
from 2* 


tried 2* I tried 2* 


0.038** 
+ .008 
from 2* 


9 


+ .005 
from 2* 


0.015 0.016 

+ .005 + .004 

from 2* 

0.015 0.015 

+ .005 + .005 

from 2* 

0 C20 

+ .005 1 + .010 
from 2* 

0.139 

+ .0/ I + .005 
from 1* 



«s 

«s/«cu 

micron* 

16.2 

5.7 

+ 1.6 

1 

3.7 

1.3 

+ 0.9 


2.7 

0.9 

+ 0.9 


6.0 

2.1 

+ 2.4 


2.9 

1.03 

+ 0.1 

i 



* Nundier of ind''rv»ndent substitutions of sample into cavity. 

** First set for operator 2 


• Calculated with ■ 0.15 micron 


Combinations used were Cavity A by operator 1, Cavity A by operator 2 
and Cavity B by operator 2. 
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bulk resistivities is a factor of 36. The uncertainties observed would 
have been reduced - probably to + .003 in Q^/Qs ~ using ten or so 
Independent substitutions of the sample during each run. 

The data represented in Table 2 also confirm the soundness of our 
theoretical analysis in regard to sample configuration. The absolute 
values of the skin depth, 6^, listed in the last column of Table 2 con- 
firm the validity of the flakes being thick compared to their own skin 
depth so that the power loss in a flake is the same kind of product^^ of 
surface integrals of Rj. as for the copper walls. Secondly, the flakes were 
thin enough to permit using the undistorted mode values for across the 

sample . 

A final note about sensitivity of this cavity loading substitution 
procedure is that when a flake of ultra high purity aluminum foil was the 
substituted load, the minimum detectable area was about 3 mm of Al. As 
the resistivity of the semiconductor flake is increased, our cavity loading 
signals become larger, indicating the capability of characterizing smaller 
flakes or of obtaining more precision. For example, the observed standard 
deviations listed in Table 2 give: + 3% for a 7/2 mm^ flake having 6g = 1 

and + 10% for a 1.9/2 mm^ flake having <5^ = 6 micron. 

B. Skin Depths in GaAs Flats at 35 GHz 

High quality boules of GaAs grown by M. Rubinstein of Westlnghouse 
Research and Development Center in preparation for the M555 Experiment on 
Sky lab had been sliced for characterization. Several cut faces, termed 
flats, were mapped for skin depth at 35 GHz using a resolution element of 
A X 7 mm as the rectangular TEg^p cavity end wall in the procedure mentioned 
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above. Cavity reflections were interpreted in accord with the analysis out- 
lined in the appendices in terms of the skin depth in the GaAs. Some of 
the average values found for 6 are listed in Table 3, taking 6 - 0.35 

S Cu 

micron. 


TABLE 3 

CLASSICAL SKIN DEPTH 


Sample 

Cs^(p*13) 6j,(mm) 

Cs2(p- 7) 6g(mm) 

W-2 

(1.178 +1.2) X 10"^ 

(--)* 

W-3 

(2.053 + 2.66) X 10“^ 

(1.014 + 0.3) X 10"2 

E-2 

r 

(2.423 + 2.07) X 10'2 



(2.056 r 0.6) X 10-2 


*A value for 6g was not obtainable from the data. 


The uncertainty in the measured values was much larger than the limit- 
ing uncertainty due solely to the ability to read the equipment accurately. 
Evidently the variations in resistivity between the areas being sampled are 
comparable to but r. it much larger than the variatxons in coupling as an end 
wall in one positioning of the sample. Precision improvement of almost one 
order of magnitude is expected in the same procedure when the shape of the 
sample cavity is a right circular cylinder and the resolution element of the 
semiconductor flat is the circular end wall or a concentric circular portion. 

The actual values obtained, however, from the two cavities, Cs^ and Cs^, 
for the classical skin depth of the samples, are in good agreement. Clearly 
the shorter cavity produces higher precision as expected. Again, when 
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machining or etching techniques are used that permit sharper inside 
corners (than r = 0.016 inches), then p = 2 cavities can be used and 
precision will be improved over the p ® 7 cavity. 

C . Mapping of GaAs Single Crystals by Fluorescence 

Photo- induced luminescence of the electron-hole recombination radia- 
tion has been observed by J. M. Rowe from cut faces (flats) of s_;veral 
high quality GaAs crystals. The technique outlined above permits mapping 
by repositioning the flat In the plane of Its Irradiated face by micrometer 
drives, A spectrum is scanned for each position of the laser beam spot. 

Fig. 3 shows, with the aid of automatic graphing on the UNIVAC 1108 computer, 
the typical spectrum emitted from a spot on the face of a crystal doped with 
~10^^ donors/cm^. The total intensity (proportional tc the donor concentra- 
tion^®) was found to be reproducible to + 10% for 10 minute spectral scans 
of the same spot location and relocations. Observed variations across a 
sample were occasionally 50% and were, therefore, attributable to donor 
concentration variations, but no direct corroboration of the same surface 
profile was available at the time of the fluorescence scans. The automatic 
correction rf pwr output via standard lamp calibration is discussed in an 
appendix and the corrected results plotted in Fig. 4 and 5 of the spectrum 
of Fig. 3. 

Uniformity of surface roughness probably represents the ultimate limit 
tc the precision of this high resolution method of characterizing the donor 
concentration. Qianges in the type of donor will shift the peak of the 
spectrum. For example, nitrogen donors are a few millielectron volts below 
the band edge at Eg -1.43 eV. No attempt was made to correlate peak position 
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with active donor types, but it is clear^^ that lower temperatures permit 
complete resolution of each type of donor traps. 
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IV. SUMMARY AND PROGNOSIS 

The results of this study of nondestructive methods of electrical 
characterization of the higher quality single crystals of semiconductor 
grown in the mlcrogravlty of space environment Include both the demon- 
stration of successful methods - two microwave and one optical - and the 
measurement of the resistivity of a few of the small GeSe crystals grown 
by vapor deposition on Sky lab flights. The observed sensitivity of the 
two microwave methods - one for mapping large flat semiconductor surfaces 
and one for observing the whole surface of small thin flat crystals - is 
reported for a limited range of resistivity. The relative skin depth 
values for the GeSe flakes studied by a sample substitution procedure were 
found to have standard deviations around 10% for rather small crystals. The 
absolute skin depth values could readily have had the same precision if 
we had made the frequency measurements which lead to the absolute values. 

Our prognosis is optimistic, namely that these room temperature micro- 
wave techniques can be carried out nonde struct ively using light weight 
apparatus with adequate precision for measuring uniformity of resistivity 
of high quality semiconductor surfaces. Furthermore, related noncontacting 
techniques such as cyclotron resonance and photo induced microwave conductivity 
show promise of being useful sources of electrical characteristics of the 
high quality semiconductors to be grown in space. 

The observed reproducibility of the fluorescence of room temperature 
GaAs under irradiation at 632.8 mm of some 1C% in donor density for our 
slow scan technique also shows promise for NASA applications. Actually, 
with the large expansion in the light emxttlng diode production in the 
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past several years, the LED manufacturers very likely have a similar 
optical scanning technique in regular use by now. 
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APPENDIX A 

ASSUMPTIONS FOR EQUATIONS IN APPENDICES B AND C 

If all of the microwave energy is stored In the rectangular 
cavity In only one resonant mode. It Is possible to find a point, 

such that the electric field Is 0, Independent of the x and y posi- 
tions and tine. Thus, we can Insert a very thin conducting sample and 
a sample holder, made of a dielectric, at that point, with Its thin 
dimension parallel to the z-axls without changing the electric field. 

If u " Pq " U t where p Is the permeability of the sarple and 
Pg Is the permeability of the holder, then we do not change the 
magnetic field and thus the energy stored In the empty cavity Is the 
same as that of the cavity with sample holder with or without the sample. 

If the electric and magnetic fields are not altered within the 
cavity by the addition of the sample holder and sample, then .ne Intrinsic 
Impedance of the cavity has not changed. Thus, the energy radiated out 
the coupling Iris, back down the waveguide should not change. This means 
that, for cases (A) through (C) the value of ^ should be the same. 

Similarly, If, by adding the sample and sample holder to the empty cavity, 
we do not change the current density In the cavity walls, then the ohmic 
losses due to the walls Is the same In cases (A) through (C). This can 
be done, for example, by making the sample holder out of a lossless di- 
electric so that the conducting sample Is Isolated from the walls of the 
cavity. A problem can arise, however. In the manner In which the sample 
holder and sample are Inserted Into the cavity. In this particular process, 
a slot was cut Into the side of the cavity. This means that some power was 
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radiated out of the cavity. This loss is usually neglected in the total 
loss of power due to the walls of the cavity. We assume that adding 
the slot did not change the electric and magnetic field configuration 
in the cavity, and, as we are in a mode, this means that at Z^, 

where the slot was made, the tangential electric and tangential magnetic 
fields are both zero. Thus the amount of energy radiated out of the 
cavity Is only a small part of the total wall losses. Thus, altering 
this amount of radiated energy, such as Is caused by Inserting the 
dielectric sample holder Into the slot, does not significantly alter the 
total energy loss due to the walls of the cavity. Hence the value of 
does not change for cases (A) through (C) . A similar argument shows 
that the value of is also a constant for cases (D) through (F) . 

If we assume that the addition of the second coupling Iris does not 
change the resonant mode electric and magnetic field 

of the single-line cavity-coupling system, then does not change from 

case (A) through (F) as the total energy stored will be the same, and the 
change In the energy lost due to the walls is not greatly changed by the 
loss of the surface area, due to the second coupling Iris, from /^H^^ds, 
which is proportional to the ohmic energy loss per cycle due to the walls 
of the cavity, where is the amplitude of the magnetic field tangent 

to the walls of the cavity and the integral Is taken over the total surface 
of cavity walls. The assumption that the addition of the second coupling 
Iris does not change the resonant mode Is Justified In the equipment and 
cavities used, by the fact that the resonant frequency shifted by less than 
O.IZ from the slngle-llne cavity-coupling system to the two-line cavity- 
coupling system. 


(1) See E. U. Condon, Rev. Mod. Phys. 14, P-341 (1942) 






I 


]■; 
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Finally, if tlie addition of a second coupling iris does not change 

the electric and magnetic fields in the cavity, then the value Q , is 

c, 1 

the same in cases (A) throui i (C) and cases (D) through (F). Thus, the 

values of Q^, and are the same for cases (A) through (F). 

Hence, equation (18) is justified. It ^iso means that the values of 

3^ ^ and ®*“® both the single-line and two-line cavity- 

coupling system, so that we can measure both values by using the single-line 

cavity-coupling system and use these values in an equation that is true 

for a two-line cavity-coupling system. Thus we can obtain a justifiable 

value for Q using equations (19), (20), and (17) or (17 A), 
s 

If we still assume that all the microwave energy of the rectangular 

cavity is stored in only one mode' and that the electric and magnetic 

fields in this mode are the same for the coupled cavity as for the uncoupled 

cavity,' then the total energy stored in the empty cavity is L PoH^dv 

2 

where H is the magnitude of the magnetic field and the Integral is taken 

2 

over the total volume of the cavitr. If we insert our sample and 

sample holder In the cavity at the point Z such that the electric field is 

zero, then the energy stored in the cavity with the sample and sample 

holder -.s the same as the empty cavity. 

As the sample la conducting, it will create an ohmic power loss that 

will Increase the energy loss per cycle in the cavity. The energy loss 

per cycle in the sample Is given by ^s^^s /_H„^ds where 6g is the 

2 ^ 

skin depth of the sample and Is the magnitude of the magnetic field 
tangent to the surface of the sample A and the Integral is taken over 
the total surface of the sample. 

2. See Fig. 2 of this report for the shape of the H pattern. 


1 
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As • 2n (Energy Storsd In the Cavity) 

(Energy Lost In the sample in one cycle) 

and we have already assumed * Uo 
2 /^H^d 

^8 " 6 / H_ da (27) 

s is T 

Using the solutions for the electric and magnetic fields in the 
4 

TEqip mode and assuming that the sample Is a rectangular parallele- 
piped, we can perform the volume and surface integrals above, remembering 
that the sample Is at z , we get. 


TTACfB^p2 4 . c2] 


46^B2p2(Ax)[^ Ay - I sln(^ ya) + | 8in(-^)yi 


(28) 


Where A is the length of the cavity along the x-axls, B is the length 
along the y-axis, C is the length along the z-axis. Ax is the length of the 
sample along the y-axis ^y is Jts length along the y-axis and y^ and 
y 2 are the y positions of the sample in the cavity. This result also 
assumes that Az of the sample is so small that we can ignore the surface 
Integral over those portions of the surfac^^ of the sample that Involve Az. 
This is Justified in all the GeSe flakes measured. 

Other shapes will nroduce other solutions, however, most shapes can 
be approximated by a rectangular parallelepiped or a sum of such shapes, 
in which case, the above equation will still hold. Otherwise, other 


4. See Technique of Microwave Measurements . Vol II, edited by C. G. 
Montgomery, P. 295, McGraw-Hill (1947). 
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coordinate systems and techniques of integration will have to be used. 
Also, note that the factor of 4 appears in equation (28), rather than a 
factor of 2, to account for the loss in both sides of the sample, so t^iat, 
if a sum of rectangular parallelepipeds Is to be used as the approxlra- 
tion, this factor can be changed to 2 and the sum carried over both sides 
independently. 

Finally, if we again have a rectangular parallelepiped in which we 
can ignore the Az terms and further, that Ay is so small that 


+ ^)) = sln2 

Q by assuming that is a constant over the total surface area of the 

S li 

sample; that is 


(•^ yij , then we arrive at a good approximation for 



AC[s2p2 + c2] 

4 6^ Bp2 sin^^i^yi + Ay 


(29) 


The basic assumption in the choke joint cavity system is that the 

resonant electric and magnetic fields are the same in all four types of 

cavities. The same reasoning applies in these sets of cavities in 

transferring from the single line cavity-coupling system (cavities X, Y, 

and Z) to the two-line cavity-coupling system (cavity T) . Any difference 

in microwave energy losses, due to the choke joint, between the Z cavity 

and the X cavity is taken into account by the Qo o u t®™* Finally, 

the same reasoning is used in calculating the classical skin depth, 6 , 

8 

of the sample from v) , as was used in the proceeding cavity system, keeping 

W p s 

in mind that now the sample makes up one complete end wall of the cavity. 
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APPENDIX B 


BASIS PGR LOSS CALCULATIONS FOR Cu TE„, RECTANGULAR CAVITIES 

Olp 

FOR f LARGE ENOUGH TC SUSTAIN N(»MAL MODr. CWFIGURATIONS 


Teras for Single Line Cgvxty-Coupling System ; 

P = 2C/xg 


Q 

\,MT 


L,0 


^L,s 


% 


^c.l 


'u.O 


u.s 


r 


B 


1.0 


B 

1,MT 


Ca\rity dimension along z axis 
Wave length in the cavity at resonance 

2 '” (energy stored /energy dissipated per cycle) 

Loaded Q of empty cavity 

Loaded Q of cavity with sample holder but without sample 

Loaded Q of cavity with sample holder containing sample 
Q of Cu walls of cavity 

Q of 1st coupling iris 
Q of sample holder 
Q of sample 

Q of Cu walls and sample holder 
Q of walls, sample holder and sample 

Geometrical coupling parameter which is a constant for a 
given iris and cavity mode. Each value of B is obtained 
from a measured reflected power ratio F . 

Power ratio (Power reflccted/Power incident at plane of cavity iris) 

Coupling parameter of 1st coupling iris with empty sample 
holder 

Coupling parameter of 1st coupling iris with sample 
Coupling parameter of 1st coupling iris with empty cavity 
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Terms for TVo-Line Cavity Coupling System ; 


"L,KT,T 


<L,0,T 


"L.s.T 


'c. 2 


H 


'u,0,T 


■'u.O.s 


"c,2 


2,MT 


2.0 


2.S 


o 

Af (3db) 


Loaded Q of anpty transmission cavity 

Loaded Q of cavity with empty sample holder 

Loaded Q of cavity with sample holder containing sample 

Q of 2nd coupling iris 

Q of sample 

Q of sample holder 

Q of Cu walls and sample holder 

Q of walls, sample holder and sample 

Q of 2nd coupling iris 

Coupling parameter of 2nd coupling iris with empty 
cavity 

Coupling parameter of 2nd coupling iris with empty 
sample holder 

Coupling parameter of 2nd coupling iris with sample 
holder 

Resonant frequency of empty cavity 

Width of power resonance curve at half-peak values 
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The following equations are applicable when the loss mechanisms 
are Independent and the microwave energy Is stored In only one mode. 


A. For the Empty Cavity 


^1,MT 


B. For Cavity with Einpty Sample Holder 


1— + + i- 

‘^c.l 




C. For Cavity with Sample Holder and Sample 


4 - ^ ^ 

Qc.l % Qh 
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Basic Equations for Slngle-Llne Cavity Coupling System (contd) 
For the Empty Cavity 


9. 


^L,KT,T 


c,l 


+ i- + i— 

Qc.2 


10. B 


2,MT 


njf 

^c,2 


E. For cavity with empty sample holder 


11 Q = + — + 

‘^L.O.T 




12 . 


"u.0,T 


— + — 
Qw Qh 


13. B 


2,0 


>.jO|T 

^c,2 


F. For cavity with sample 


14. 


^L,s,T ^c,l 


'‘W 


Q„ Q. Q 


'H 


's 


C.2 


15. 1 . 

^u,s,T ^s 


16. B 


u.s.T 


2,3 Q 


c,2 


G, Equations for calculating B 


17. B 


1-r^ 

— T 
i+r^ 


for B < 1 


or 

2_ 

i+r2 


i-r' 


17A. B 


for 


B > 1 
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can be chosen to be overcoupled (Eq. 17A) (or undercoupled (Eq. 17)) 
by convenience of machlnlrg and detector sensitivity. 

6 calculated using equation 17 or 17A is the 3 of the single- 
line cavity coupling system. However, as we do not change the normal 
mode nor the shape of the iris, it, therefore, has the same value as 
in the two-line cavity coupling system. 

The fact that the coupling parameter, 3, for each cas>i can be cal- 
culated from experimental data leads to several Important results. First, 
by using equations (1) through (8), we can relate the sample losses to 
the cavity wall losses by equation 


^ .MT (3i o~ 8 s ) 
(*^l,o) (®2 ,Mt] 


(18) 


As all the values on the right can be calculated from experimental 


measuresments, a value can thus be assigned to 




From this, a compari- 


son of the Q values of different samples can be made in a given cavity, 
s 

provided the value of does not change. Experimental confirmation that 
0^^ had not changed was obtained by finding the value of *^W^^c 1^ 


[Eq. 2]) to be the same to within +0.4% each time the empty cavity was 
measured . 

Secondly, using equations (2) and (10) we can replace the Q values 
in Equation (9) with 3 values to get equation 


U,MT,T 


W 




( 19 ) 
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As we can calculate a value for 1 + ^2 

a value of Q from a known value of Finally, we measure the 

” L I fii f i 

value of Q, ^ experimentally by using equation 


'‘L.MI.T 

1/Q 


L,MT,T 


Af(3db)/f 


( 20 ) 


We can arrive at a value of that is 




Af(3db) 


(“i. 


KT ^ ^2, MX ) 




B, .«„ + 1 + B 


2,wr)- 


( 21 ) 


Thus, using Equations (18) and (21), we arrive at an equation for Q , 

s 


^o^ I.MT ^ 

2.MT ) 

(^i.o)( 

:\s) 

Af(3db)| 

( i,irr)fi,o 

- V. 

:) 


( 22 ) 


dependent totally on measurable quantities. 

By using the previously mentioned equations, we can also make measure- 
ments on the uncertainty of the quantities Q^/Q and Q 

w s s 

First, by using Equation (15) we find the uncertainty A (Pj^/Qg) is 
given by 


^ [ftf] 
" fe] 


( 23 ) 
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Secondly, using Equation (19), we find the uncertainty of Q Is 

s 

given by 


AQ. 




l\f(3db)re 


^o(gl.0^^\.s) 


(*'i,Mr)f 1.0 " ‘‘i.s) 

‘ ^i.s) 


^o^^i.m ^ ^2 ,mt 




)(^l.s) ' 

Af (3db) (Bi^q - 




^(Pi.o) 


^^i.mt) 


^o^^l.MT ^ ^2.Mt) ^%,o)(^1,s) 

[Af(m)12(0i^^](6l^O- ei.3y“ 


(24) 


A(4f(3db)) 


For the case In which the sample Is placed in a two-line cavity coupling 
system, an equation similar to (18) can be developed. In fact, we get 


% . °2.Mrf°2.o ~ °2..1 

0, ^tjKj 

Then, by using Equations (19), (20), and (25), we can develop equations similar 

to (21) through (24) which relate Q to the second coupling iris parame- 

s 

ter 8, f^ and Af(3db). 
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Q is defined as, 

8 

2 TT(Energy Stored In the Cavity) 

(Energy Dissipated In the Sample In One Cycle) 

The energy stored in the cavity is equal to^^ 


\ iv dv 

where H Is the amplitude of the magnetic field. The energy dissipated 
In the sample Is due to ohmic losses and In one cycle Is equal to 


6 up 
S £ 




where 6 is the skin depth of the sample, p Is the permeability of 

8 s 

the sample, is the amplitude of the magnetic field parallel to the 
sample's surface and the integral is taken over the total surface area 
of the sample • Thus 


2WQ 

'^s^*s U V 


As the samples are only weakly paramagnetic — 

Hence we use the following equation for Q ; 

8 


(26) 

1 to within O.IZ 


2 / dv 
' &3 I g 


(27) 


Using the TE mode numbers, we can find the magnetic field configu- 
ration within the cavity. Thus, Equation (27) can be solved to a good 
approximation, as follows: 
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Our coordinate system Is that used in Technique of Microwave 
Measurements. Vol. 11 of the M.I.T. Radiation Laboratory Series, 
edited by C. G. Montgomery. McGraw-Hill. Inc. 1947, page 295. The 
dimensions of our cavity are A. parallel to the x axis. 6 parallel 
to the y axis, and C. parallel to the Z axis 

With the thin sample placed In the cavity such that Its corners 
are located at (xi. y^. zq), (x^. y 2 . Zq)» (* 2 , Yi* zq) a™* y2» * 0 ^ 

where zq - OXg/2. 0 an Integer, we arrive at the following solutions 
to Equation (27) as discussed in Appendix A: 

A. If (X 2 ” Xj) • (y 2 “ Yj) which Is the cross sectional area of 
the sample Is comparable In size to (A * B) which Is the cross sectional 
area of the cavity, then 

Q, = 7rAC[B2p2 + C^] ^ 

46gB2p2(x2-Xi)j^^(y2-yi) - j sln(-^ '/2) + I'l)] 

B. If (x 2 - xj) • (yj - Yi) ■ 5 « (A • B) and (yi + Y2)/2 “ Yo* 

Qg - AC[B2p2 + c2]/6^(4Bp2) sin\l Yq) * (29) 

Thus we can write 6 as a function of Q . the cavltY geometry, 

> 8 8 

the sample position, and the normal mode, all of which can be found from 
experimental values. Equations 28 or 29 were used to calculate the values 
of 6g presented In Tables 2 and 3 of this report. 





I 

i 

li 


!' 
I ^ 

i: 


r 

l: 
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Finally, the uncertainty In is given for large samples by 


A6^ - ^ 
s 


(30) 



ttAC[p2b2 




- 6 

8 

Q 4B2p2(x2 -xi) 

9 

•^(y2-yi) 

■y (yj + Ay) 

+"^ln 

4 

■^(yi +Ay) 


and for small samples by 


A6 


7T + 
Qs ^8 


ACIB^P^ + c^l 


QgAB2p2 


3ln2 


[i(yo + ^y>] 


- 6 


(31) 


where Ay is the uncertainty of the position of the sample along the y 
axis in the cavity. 

Equation (31) can be used to estimate the dependence of the sensitivity 
of substitution techniques on flake size and skin depth . We calculate the 
the values of the second term (In the brackets) to pass through the lOZ 
value for coni>lnatlons such as : 


6 * 25.0 microns with Ax ~ Ay ~ 0.5 mm 
and 6 * 2.5 microns with Ax ~ Ay ~ 2 mm 
and 6 =■ 0.25 microns with Ax ~ Ay ~ 5 mm 

This uncertainty (by Eq. 31) rises steeply for smaller semiconductor flakes 
and Is only a few percent, for larger ones. 
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APPENDIX C 

CAVITY LOADING BY SEMICONDUCTOR END WALL 


X ■ The reflective cavity with choke and the sample as an 

end wall 

Y ■ The reflective cavity with choke and a flat piece of Cu 

as an end wall 

Z » The reflective Cavity with equal dimensions to X and Y 

but without a choke 


T 



^R,CH 


The transmission cavity 

The Q of the first coupling iris 

The Q of the second coupling iris 

The Q of the choke joint due to microwave energy being 
radiated out of the slots of the choke 




s 


The Q of the sample end wall 



The Q of the X cavity due to ohmic losses in the walls of 
the cavity except for the sample which acts as an end wall 


Q •• The Q of the Y cavity due to ohmic losses in the walls of 

the cavity except for the Cu flat, which acts as an end 
wall 




end 






The Q of the Cu flat acting as an end wall in the Y cavity 
The Q of the end wall of the Z cavity 

The coupling parameter of the first coupling iris as 
measured in the £ cavity 



The coupling parameter of the second coupling iris as 
measured in the ^ cavity 
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H. Equations for cavity X 


IB. i ^ 




^c.i \cH 


<L,X 


26. 




^R,CH ^,8 %,] 


^u,X 


3B. 6, y , “ Q„ y 

CyX ^9 ^ 


I. Equations for cavity Y 


4B I + I + h + ^ 


^c,l ^R,CH ^w,Cu 


^,Y ‘^L.Y 


5B. h + k + ^ 


\,CH ^,Cu ^u,Y 


6B ^1 V 1 " Q.. V 

1,X C,1 u,Y 


J. Equations for cavity Z 


7B ^ + i- . i- 

Oc.i Vz V: 


«l,z'><=.l ■ V 


K. Equations for cavity T 


9B i + i + i - I 

Oc.l «.,T <>0.2 Ol-.I 

f^ 


lOB. Q 


L,T Af(3db) 


IIB. ^,T " ■*■ ®2,T ■*■ 
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In a rectangular mode Qr^cH small »'nough that it cannut be ignored 
In the above equations. Therefore, a final solut:<on to 0 must 
take Into account the value of 

If we assume that equal to then, using equations 

8B. and IIB. we get 


12B. Q . 

^ f • 


®2,T+ 1) 


‘1,Z 


and thus. 


13B. Q, 


(^1,x)Ql,T^^1,T ^2,T 


■u,X 


(e^, Z) 


also, since 


^ + -L_ + ^ 


^u,x %,CH Qw,8 


and 


1 ^ 


^,end ^w,X ^,i 


thun, 


14B. 




Qu,X QR,Ch Qw,s Qw,Z Qw,end 


As (K)Qv,jZ equal to Qv,erd» where K is a constart deter*~ined 
by the geometry of the cavity, we get 


15B. 





To solve for t — ^ — , we assume that the losses in the Cu end wall 
‘^R.CH 

piece of cavity Y are equal to the losses in the end wall of cavity Z, 
so that Is equal to 
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il 

i; 


16B. 


1 ^ 


^w,Z ^,Cu ^,X 


using equations SB, 6B, 12B, 


I ' 

« <• 


and 16B., we get 


17B. 




^R,CH \,T^®1,T ®2,T ^,Z 


Substituting 17B. into 15B. and using equations IIB. and 13B yields 


18B. 




^w,end 

Now K = 


(^i.z) _1 _ 

-,T^^1,T ®2,T _6i,X ^1,X 


(K)B 


l.Z 


/ “l 


ds 


/ 

se 


where sw 


ds 


Indicates that the integral ir taken over all the surface area of the 
cavity, se indicates that the integral is taken over the end wall only, 
and is the magnitude of the tangential magnetic field. In fact. 


K = 


[ZC^ + c\ + P^b\ + 2Ap^B^] 


3 2 
AB P 


where A, B, and C are 


2C 

the dimensions of the Z cavity, and p = 


Finally, as Q 

w, ! 


tLl 


dv 


5 f H ^ ds 
se ^ 


we get 


I 
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li 



19B. 


[b^p^ + C^] C 
2 2 
Vs® " 


and 


A6 


. [B^pi^ ) = ^ . A(Q„ ) 

.2 2 .„ ,2 ^^Vs^ g 


B p (Q )‘ 




f 


i 
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APPENDIX D 

GaAs PL DATA REDUCTION 
(by J. M. Rowe) 

A computer program has been used to aid In correcting photolumines- 
cence data for the response of the optical system, photomultiplier tube 
and associated electronics. Calibration factors obtained by running a 
tungsten ribbon lamp and using the known emisslvlty of tungsten had been 

o o o 

tabulated by wavelength every 5 A between 8010 A and 8920 A and were read 
in by the computer. The remainder of the input consisted of chart reference 
marks and data points in chart coordinates, all taken from the record pro- 
duced during a data run. Since the computer used data in chart paper 
coordinates, much work was saved. 

O 

During data taking, the wavelength in Angstroms was noted at the 
beginning and end of a run and these points were marked on the chart paper. 
These wavelengths and their corresponding coordinates were read into the 

O 

computer and using this the computer determined the wavelengths in Angstroms 
of data points. This coordinate was taken as an integer for convenience. 

PL amplitude coordinates were taken as floating point numbers and were 
arbitrary to within a scale factor written down during data taking in case it 
would be needed later. 

Each data wavelength was found in the table using linear interpolation 
and the interpolated correction factor applied. Corrected amplitudes were 
each divided by the maximum uncorrected amplxtude for the data set to yield 
comparable scales. This was done for convenience. The scale factor appears 
in the printout and no information was lost. The electron volt equivalent of 
each wavelength was also computed. 
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The output appears In tabulated form with five columns. These are: 
(1) corrected and scaled amplitude, (2) energy in electron volts, (3) wave- 

O 

length in Angstroms, (4) uncorrected amplitude, and (5) chart coordinate 
of wavelength. The listing was made in order of increasing energy, or 
alternatively fed to Karla Dalton's program for display and for automatic 
graphing at the Tektronix terminal of the UNIVAC 1108 computer. 

The flow chart for the PL DATA REDUCTION program is given on the next 
page. A listing of the program and one output table is attached, too. 
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FI, Data Redaction Floit Chart 



yes 


■ ■ Print "THE SCALE FACTOR IS" AMAI 

L print column headings: AMP2,ENER,XLA'.IB,Al'Pl,NLfiJ!!3. ! 

B:int remits ordered by increasing BIER(l). 

ii 

i 


■BUD OF DATA SET" (END) j 
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CLAMB(I) 

FAC(I) 

FIRST 

AFRST 

XLAST 

ALAST 

NDATA 

AMPl(I) 

NLAMB(l) 

XLAMB(I) 

AMAX 

AMP2(I) 

ENER(I) 


GLOSSARY (By order of appearance) 

wavelength in the calibration table 
calibration factor at wavelength CLAMB(I) 

O 

wavelength (A) of initial chart reference mark 
chart coordinate of initial chart reference mark 

O 

wavelength (A) of final chart reference mark 
chart coordinate of final chart reference mark 
number of data points for the chart 
chart coordinate of the PL amplitude 

chart coordinate of wavelength (integer) corresponding 
to AMPl(I) 

O 

wavelength (A) corresponding to NLAMB(l) 

maximum uncorrected amplitude found in the data 
set 

corrected amplitude divided by AMAX 
energy (eV) corresponding to XLAMB(I) 
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»ST — 

U U2/27«i0t23;26-| i. ) 


Ooo BASGiT »0,T _ 

bUO BS*»T lOiKARLADALTONCRSTLE PL BATA REDUCTION 

OoO B fOR,XtST 6AAS - 

OOO C 6(AIAlS> PL OAT* REDUCTION 

OOO OINCNSION CLAHBISqOI ,FACISOOT«AHPI>300I |NLAhR|300I 

OOO OIHENSION XLAHBljQQ », \HP2 ( 300 } lENER | 3001 

000 ID FOKHAT US) 

otiO 20 Format urio.IT~ ^ 

ooo - 2S format «Rn0.2rt«T 

ooo ~ - 30 format IFI0*2|IStFl0«2t21S) 

000 40 format 1 fl 0 . 2 rl»»“^ 

ooo Read iOiITbl 

ooo read 20, iCLANBt J) »FAC(0) *CLAMB|J*I) tFACAJ^l ) iCLAMB ( J«2 I »FAC ( J*2 ) , 

ooo ICLAHBC j« 3 i .FACI J-»3l « iITBLtH) 

OoO I READ 2StFtRST|AFNsT,XLAST,AL*STtN0ATA 

OOO IF (MOATA.GTiD) €O TO“3 

OOO PRlNT-90 

OOO 90 FORMAT IIXUIHENO OF RUN*) 

000 STOP 

OOO 3 READ HOi (AHPH J) »NLAHB( J)iJ«l iNDATA) 

OOO DIFM ■ ALAST - *FRST 

OOO UNIT ■ (XLAST - F|RST)/OIFN 

OOO AMAX • AMPIUI 

OOO 00 )00 I ■ ItNOATA 

OOO XeARBII) • INLAHBlI) - AFRST)*UN1T ♦ FIRST 

OOO )00"IF »AMPmi.6T.AM*X) AMAX • AMPUU ^ 

OOO NOM) • NOATA"- I 

OOO DO 4001 • IVNONl 

OOO IP) ■-T“*~t 

000 00 400 J • IPltNOATA 

000 IFULAMBm.LE.XLAMBIUM 60 TO 400 

UQO TEMP a XLAMBin ^ 

OOO “XLAMBU) ■ XLAMSrjT 

OOO ■ " XlAMB(J) a TEMP 

OOO TEMPaNLAMBU ) 

OOO NUAMB( n*NLAMB«4) 

OOO NLAMBt JlaTEMP 

OOO TEMP a'AHPH t1 

OOO AMPmi ■ AMPim — “ 

OOO AMP UJ) - TEMP “ 

OOO 400 C0NT1NUE 

000 N ■ 1 

OOO 00 200 I > ItNOATA 

OOO 00 300 U " NiITbC 

OOO IF(XLANB(1) •GE.CLAMBIU) r~60 TO 300 

ooo N ■ J 

OOO Cal XLAMBU ) -CL AHB ( J- ) )) / (CU AMB | 0 )*Ct AhB ( J- 1 ti 

OOO CaCalFACi J)-FAC( J-n )*FACU-I > 

OOO AMP2U )aAMP| U laC/AMAX 

OOO ENERU) a l.2395E4/XLAHBrri 

OOO 60 TO 200 

OOO 300 continue — 

OOO PRINT 80 

OOO SO FORMAT UX,27HLAMbOA OUTSIDE TABLE RANSE*) 

UUO 6U TO 1 


page b 

qdauiy 
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000 

000 

000 

000 
000 — 

000 
000 — 
000 
000 
000 - 
000 — 

000 

000 — 
000 
000 
000 — 
000 — 

000 

000 — 

000 

000 

000 

000 

000 — 
000 - 
000 
000 
000 — 
000 — 

000 

000 - 
000 
000 
000 -- 
000 — 
000 ““ 
000 — 
000 
000 
000 — 
000 — 
000 — 
000 - 
000 
000 
000 - 
000 — 
000 — 
000 - 
000 
000 
000 — 
Ooo 
ooo - 
000 - 
ooo 
ooo 


200 continwe- 

PRINT ANAX 

SS FORHATIIXi* The Sc*t£ FACTOR IS ••FIQ.RI 

'2 print 40 " - . - -- - 

NRlTEM0IN0ATA.fCHCRnr*AHP2C n VXLAHB ( U t AHPl 1 1 » » I "r iNDATAT 

print “70 CAnP2»|l,ENERUri*CAMBm>AHpUH iNLAHBIlit 

r~r ■ N 0 ATA,ii-n 

PRINT BO 

40 F0RnATI/7X|RHANP2,4X,<lHCNCR|SX,SHXUANbi4X|RHAHPI •2X|SHNtANB/l 

— 70-F0RHAT 'IIX,2F1O,R,2FI0.2i|5I 

—BO FORHATr/IXiliHENO OF DATA SETr/7T 


BXOT 

IBB 
BOIO. 
-B030*- 
■ B050T' 
■'BOFOT" 
“BOTOr 
Bl|0. 
B130. 
-B150V 
-BI70T" 
"BI90r 
B2lOr 
B230t 
B2S0. 
”B270r 

— B 2 » 0 r 

— Bsior 

8330#- 

B3S0. 

8370t 

- 83?0r 
-BBtOr 
~BB30r 

- BB50.- 
8H70« 
6H90. 
8510.- 
8530*- 

- 8550t- 
8570.- 
8590. 
84t0. 
8430.- 

- 8450i- 
-8470^- 

8490.- 

87(0. 

8730. 

8750i- 

8770.- 

8790.- 

8810.- 

8830. 

8850. 


1.000 
-1.028— 
i-ni40 — 
TTOBT— 
1.122— 
|t|S| 
1*181 
1*212— 
I .-2*12 — 
I i^275 — 
1 .305 — 
1*337 
1*347 
1.397— 
1 .930 — 
1T942 — 
1 .993— 
1.527 
I *540 
I .400 — 
1.490— 
1 *480 — 
1.733— 
I .779 
1*835 
1 .908-- 
1.992— 
2.089— 
2.209 — 
2*331 
2*991 
2*478— 
2.912— 
3*182 — 
3*511 — 
3*903 
9*909 
5.025 — 
5*718 -- 
4.4S3 — 
7*490 — 
9*007 . 
10*513 


B0|5. 
-B035r- 
BOSST- 
■^075r 
-B095r- 
8115. 
8135. 
Bl55i- 
Bl75r- 
"8195— 
82|5.~ 
8235* 
8255* 
-B2751- 
-8295r 
-83l5r 
8335.- 
8355* 
8375* 
-8395*- 
- 89l5r- 
-8935V 
8955r- 
8975. 
6995. 
8515.- 
8535*^ 
-8555.- 
8575r- 
8595* 
8415. 
8435r- 
-8455.- 
-847SV 
8495.- 
87|5* 
8735* 
87S5f- 
8775*- 
8795.- 
88l5r- 
8835. 
8855* 


1*004 

-1.037— 

- 1.047 — 

-1.098 

—1.130 — 

1*158 

1.189 

— 1.220 

“TiFSa — 

—11282 

—1.313 

1.399 
1.379 
—1*909— 
— T.938 — 
— 1.-970 — 
-1.502- 
1*535 
1*549 
- 1 .All — 

—I. 451 

— r*493 — 
-1.792- 
1.793 
1.851 
-1.929 — 

-2.019 

—2* M 3 

-2.234 

2*348 

2.590 

-2*733 

-2.974 

—3.259 

3*405 

9*028 

9*592 

■ 5.189 

5*925 - 

- 4.842 

-^.013 

9*392 

11*003 


8020 
8090 
8040 
8080 
8100 
8120 
8190 
8140 
"8180 
' 8200 
8220 
8290 
8240 
8280 
8300 
8320 
8390 
8360 
8380 
8900 
8920 
8990 
894U 
8980 
8500 
8520 
8590 
-8540 
8580 
8400 
8420. 
8490 
9440 
-8480 
8700 
8720 
8790. 
8740 
8780 
8800 
8820 
8890. 
8840i 


*013 

8025. 

1*021 

.095 

8095. 

1*052-- 

*073 

8045 * 

1*081“ 

*104 

606S • 

1*115" 

*138 - 

8105. 

1.199 

*149 

8125. 

1.172 

*194 

8195. 

1*209 

.227 

8145. 

1.239" 

*258-" 

8 1 85 * 

1 ♦ 247“ 

.290 

8205 . 

1*298" 

.320 - 

8225.-— 

1*328" 

*352 

8295* 

1*340 

*382 

8245. 

1.390 

.911 

8285* 

1*920 

.994 

8305. 

1.959 

.977 

8325. 

1*985" 

*511 - 

8395. 

1.519 

*599 

8345* 

1*551 

*574 

8385* 

1*585 

.421 

8905, 

1*430- 

* 443 — 

8926. 

1.472- 

.707 

8995. 

1.722“ 

.753 

8945. 

1.749- 

.807 

8985. 

1.821 

*848 

8505. 

1*888 

*951 

8525* 

1.971 


2*090 - 
-2*199- 
2*248 
2*907 
2*574 
2*789 - 
3*091- 
3*339- 
3*707 
9*141 
9*700 
5*394 
4*197 
7*099 
8*313 - 
9*727 
11*504 


8595. 

8545.- 

8585.- 

8405. 

8425* 

8495. 

8465.- 

84<iSV 

8705. 

8725. 

8795. 

8745. 

8785. 

8805. 

8825. 

8895* 

8845* 


2f041- 
2*175- 
2*297- 
2.993 
2*429 
2*831 - 
3.109 
3.915 
3.808 
9*289 
9.854 
5*518 
4*384- 
7.319 
8*434 
10*118 
11*019 




WpocS 
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000 

000 

000 

UOO 

000 

000 

000 

ouo 

000 

UOO 

000 

000 

000 

UOO 

UOO 

UOO 

000 

000 


••90« 

•MOt 

•*10, 

— oTfar/ir 

*.o- 

4.0“ 



9.4 

ia*i 

HiT- 

iTit- 

22il- 

a4»i~- 

35.2 

91.0 

99 i 2- 

95.9- 

95. X~ 

95i2— 

99.7 


12«53t- 


19. f|? 
17.392 
2.40 




•■95. 

•9l5. 

•299.10- 


13.019 ittO* 

15.909 I900t 
M.232 ••920t 
75.90— -73- 


13.425 

15.929 

I».945 


••45. 

•905. 


4 

7 


10- 


12 

13 

ir 

n5- 

T*" 


vr 

14 


33.9 — 

33.0 

32.0 

31. 1 

30.2 

29,5 — 

29.4 

27.* 

27.2 

24.9 

25.3 

29.5 

23.7 

22.9 

22.0 

21*2 

20.8 

|9.8 
J9,2 — 
1«,9 

17.9 

17.3 


39- 

_ 35 _ 

34 

37 

3«- 

-39- 

90- 

-91- 

92 

93 
99- 

95- 

-94- 

97- 

91 

99 

50- 

51 

52- 

-53- 

59 

55 


99.2 

19 


93. 7~ 

- -JQ- 


93 * 1 

" 21 ■ 


“92*4 

'22 


92.0 — 

-- 23 


91*3 

29 


90.7 

25 


90.0 

"24 


39.5 — 

'27 


34. • 

29 


- 36.0 

*29 


37.1 

30 


34.2 

31 


35.5 “ 



39.7 - 

33 





19.292 

14.553 






